The fitness effects of mutations can depend on the genetic backgrounds in which they occur and thereby influence future opportunities for evolving populations. In particular, mutations that fix in a population might change the selective benefit of subsequent mutations, giving rise to historical contingency. We examine these effects by focusing on mutations in a key metabolic gene, pykF, that arose independently early in the history of 12 Escherichia coli populations during a long-term evolution experiment. Eight different evolved nonsynonymous mutations conferred similar fitness benefits of $10% when transferred into the ancestor, and these benefits were greater than the one conferred by a deletion mutation. In contrast, the same mutations had highly variable fitness effects, ranging from $0% to 25%, in evolved clones isolated from the populations at 20,000 generations. Two mutations that were moved into these evolved clones conferred similar fitness effects in a given clone, but different effects between the clones, indicating epistatic interactions between the evolved pykF alleles and the other mutations that had accumulated in each evolved clone. We also measured the fitness effects of six evolved pykF alleles in the same populations in which they had fixed, but at seven time points between 0 and 50,000 generations. Variation in fitness effects was high at intermediate time points, and declined to a low level at 50,000 generations, when the mean fitness effect was lowest. Our results demonstrate the importance of genetic context in determining the fitness effects of different beneficial mutations even within the same gene.
Introduction
Early mutational steps along an evolutionary trajectory can interact with subsequent mutations to influence their effects on phenotypes including fitness. For example, the beneficial effect of a late-occurring mutation might depend on the presence of one or more earlier mutations, which thereby change the distribution of potential evolutionary outcomes (Ortlund et al. 2007; Woods et al. 2011; Phillips et al. 2016) . For example, one set of studies has shown the importance of "potentiating" mutations for the subsequent evolution of the capacity of Escherichia coli to grow on citrate (Blount et al. 2008 (Blount et al. , 2012 Quandt et al. 2014 Quandt et al. , 2015 . Here, we examine how the fitness effects of mutations in one E. coli gene, pykF, depend on the genetic context in which they occur, including across replicate evolving populations as well as over time within a population.
Recent theoretical work predicts that the benefits of selected mutations will often depend on the genetic background in which they occur, such that they may provide a smaller benefit, or even be deleterious, when added to earlier genotypes along a particular adaptive trajectory (Draghi and Plotkin 2013; Greene and Crona 2014; Blanquart et al. 2014) . A corollary of this prediction is that earlier mutations may increase the benefits of immediately subsequent mutations if the latter depend on the previous ones for their benefits. In that case, early mutations are expected to become selectively "entrenched", conferring larger benefits and thereby becoming less likely to revert over time (Shah et al. 2015) . One study that examined changes over time in the effect of a deleterious mutation introduced into the ancestor of a set of replicate populations showed that reversion of the introduced mutation was, as expected, beneficial at the start of the experiment, but later on became deleterious, indicating the accumulation Article ß The Author 2017. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
Open Access of mutations that depended on it for their own beneficial effects (Zee et al. 2014) . The same mechanism may entrench and thereby stabilize drug-resistance mutations that become beneficial in combination with associated compensatory mutations (Lenski 1998; Maisnier-Patin et al. 2002; Flynn et al. 2017) .
In contrast to the theoretical expectation that early beneficial mutations should become more beneficial over time, some experiments have shown a tendency for beneficial mutations to exhibit diminishing-returns epistasis, such that the beneficial effect of a mutation tends to be smaller in higher-fitness genotypes (Chou et al. 2011; Khan et al. 2011; Kryazhimskiy et al. 2014 ). Most of the mutation combinations considered in these studies, however, were not directly subject to selection. For example, in a population that fixes five mutations, 32 (¼ 2 5 ) combinations can be constructed, but only five are on the mutational path that the evolving population followed. If epistasis is shaped by selection, then combinations of mutations that did not experience selection may interact differently from those combinations that were coselected. As a consequence, the patterns of interaction inferred from the broader set of interactions may not be representative of those that were important during a population's evolution (Draghi and Plotkin 2013; Greene and Crona 2014; Blanquart et al. 2014) .
Here, we study the effects of genetic context, including the importance of coselection, on the fitness effects of mutations that arose in the long-term evolution experiment, or LTEE, with E. coli (Lenski et al. 1991) . Genetic and genomic analyses have revealed substantial parallelism in the genetic basis of adaptation of the 12 populations in that experiment (Woods et al. 2006; Tenaillon et al. 2016) . One of the genes that has evolved in all of the populations is pykF, which encodes pyruvate kinase I, a key glycolytic enzyme ( fig. 1 ). Pyruvate kinase 1 catalyzes the transfer of a phosphate group from phosphoenolpyruvate (PEP) to ADP, generating ATP and pyruvate (Siddiquee et al. 2004) . Pyruvate kinase 1 is also a crucial component of a metabolic sensor that responds to glycolytic flux (Kochanowski et al. 2013) . Mutations in pykF occurred early in the evolution of all populations (Woods et al. 2006; Tenaillon et al. 2016) , and one of the evolved alleles has been shown directly to be beneficial (Khan et al. 2011) .
We tested the effects of the changing genetic context that occurs during evolution on the fitness benefits conferred by pykF mutations. To do so, we competed constructed strains with and without various pykF mutations in the ancestral genetic background and in clones isolated from the LTEE populations at various generations ( fig. 2 ). Eight tested nonsynonymous mutations all conferred similar fitness benefits in the ancestor. These benefits were greater than that conferred by a loss-of-function deletion allele, indicating that the evolved enzymes retain at least some functionality. The effects of the evolved pykF mutations were much more variable when assessed in clones isolated after 20,000 generations of the LTEE. This variation implies heterogeneous interactions between the pykF mutations and other mutations in the evolved clones. When we tested for interactions in a subset of populations across multiple time points, we further found that interactions were dynamic within a lineage. By 50,000 generations, the evolved pykF alleles, including even a deletion mutation, conferred similar fitness benefits that were, for the most part, somewhat smaller than they had been in the ancestral background. Taken together, these results show that changing genetic context-both over time and across populations-can exert a strong influence on the fitness effects of different beneficial mutations even within the same gene.
Results

Different Evolved pykF Alleles Confer Similar Fitness Benefits in the Ancestral Background
To determine the fitness effects of the nine distinct mutations in pykF that were isolated from 11 independently evolved populations (including A301S mutations in three populations, and the deletion mutation that serves as the proxy for the IS150 insertion in another), we moved each of them into the ancestral chromosome. The mean benefit conferred by these mutations was 10.7% ( fig. 3A ). The different alleles conferred significantly heterogeneous effects (table 1), though the differences were usually small, with an average pairwise difference of only 2.7%. However, the pykF deletion allele conferred a smaller benefit of 5.7%, which was significantly less than that of all but one of the point mutations (Dunnett's test: P < 0.05 except compared with the D127N mutation). This difference between the nonsynonymous substitutions and the deletion mutation implies that the former are not simply loss-of-function mutations. The heterogeneity in the effect on fitness remains significant even if the deletion mutation is excluded from the analysis (supplementary table S1, Supplementary Material online).
The nonsynonymous mutations in pykF occur in gene regions corresponding to all three of the enzyme's functional domains: Lid, catalytic, and allosteric (Donovan et al. 2016;  fig. 1 ). To test whether the domain in which a mutation occurs contributed to the variation in fitness effects, we performed an ANOVA with the different point mutations nested within the functional domains. There was no significant effect of the functional domain, but the effect of different mutations within the domains remains significant (supplementary table S2, Supplementary Material online).
Fitness Effects of pykF Alleles Are Highly Variable in Evolved Backgrounds
Mutations in pykF arose early in the LTEE populations (Tenaillon et al. 2016) , and so there is the potential for subsequent beneficial mutations to depend on a pykF mutation for their benefits. If that were the case, then replacing an evolved pykF allele with the ancestral allele would impose a greater fitness cost in the evolved strain than expected based on its effect in the ancestor. Alternatively, later mutations might reduce the fitness effects of the early pykF mutations, either by specifically making them redundant or as a consequence of a general tendency toward diminishing-returns epistasis, which causes a focal beneficial mutation to confer a smaller benefit in more-fit genetic backgrounds. In that case, Beneficial Mutations in pykF Gene . doi:10.1093/molbev/msx279 MBE reverting a pykF mutation in an evolved strain would produce a smaller fitness cost than expected based on its effect in the ancestor. A combination of these interactions should lead to pykF mutations having more variable fitness effects in the evolved populations than they do in the ancestor.
To examine these potential interactions, we measured the fitness effects of replacing the evolved pykF mutations (including the A301S mutation in three cases and the IS150 insertion in another) with the ancestral allele in clones sampled from 11 populations after 20,000 generations ( fig. 3B ). The different evolved mutations had highly variable effects in their own evolved backgrounds (table 2), ranging from nearly neutral to a benefit of >25%. In all but two cases (the P70T and I264F mutations from populations Araþ6 and Ara-2, respectively), the mutations remained beneficial. In six cases the effect of the evolved allele was more beneficial in its own evolved background than in the ancestor (P70Q, D127N, T462I, the loss-of-function indel, and the A301S mutation in populations Araþ1 and Araþ5), whereas the opposite relationship held in three cases (P70T, I264F, and the A301S mutation in population Ara-5).
Once again, the heterogeneity in the mutational effects is significant even if the deletion mutation is excluded (supplementary table S4, Supplementary Material online). Moreover, there is significant heterogeneity even in the fitness effects of the three identical A301S substitutions across their independently evolved backgrounds (supplementary table S5, Supplementary Material online), providing a clear demonstration of epistasis between the focal beneficial mutation and its coevolved genetic context. As seen in the ancestral background, there is no significant effect of functional domain, whereas the effect of different mutations within the domains remains significant (supplementary table S6, Supplementary Material online). Four of the 11 LTEE populations used in our study had become mutators by 20,000 generations (Tenaillon et al. 2016) . Clones from these mutator populations had between 639 and 1,238 mutations in total, compared with only 33-62 in clones from nonmutator populations (supplementary table S3, Supplementary Material online). To test whether interactions were influenced by the mutator status of the evolved clones, we compared the effects of replacing the pykF mutations between these two groups (supplementary table S7, Supplementary Material online). We found no difference, suggesting that changes in the fitness effects of the pykF mutations are dominated by MBE interactions with other beneficial mutations, which comprise the majority of mutations in the nonmutator clones at 20,000 generations (Tenaillon et al. 2016 ).
Variation in Evolved Backgrounds Drives Changes in Fitness Effects of pykF Mutations
To confirm the variation in the fitness effects of pykF mutations in the evolved backgrounds, and to explore the causes of that variation, we examined the fitness effects of two particular pykF mutations in the 11 independently evolved 20,000generation clones. The two mutations were the A301S mutation that arose independently in three LTEE populations and the deletion mutation that is the proxy for the insertion mutation in another population. As an internal control, we also replicated our previous finding that both the A301S and deletion mutations are beneficial when placed in the ancestral chromosome, with the former substantially more so than the latter ( fig. 4, far left) . An analysis of variance shows that the fitness effects were largely determined by the population's genetic background, with the specific mutation having only a marginally significant effect (table 3) . In fact, the latter effect shows that the pykF deletion mutation tends to be slightly more favorable than the A301S mutation in most of the evolved backgrounds, whereas the opposite tendency held in the ancestral background ( fig. 4) .
These data therefore also indicate that the selective advantage associated with pykF mutations changed as a consequence of the changing genetic context in which they exist. To demonstrate this inference even more directly, we examined the effect of replacing evolved pykF mutations with the ancestral allele over time across several of the LTEE populations, as explained in the next section.
FIG. 2. Schematic overview of pykF mutation transfers. Five sets of strains were constructed. (i) Evolved pykF mutations from 11 of the 12 populations were individually transferred to the ancestor; the Araþ4 population, which had a frameshift allele, was omitted from all experiments. A deletion mutation was used as a proxy for the IS150 insertion mutation in Ara-1. (ii) Evolved pykF alleles were reverted to the ancestral allele in one clone isolated from each population at 20,000 generations. (iii) A deletion allele was transferred to each 20,000-generation clone, replacing its evolved allele. (iv) The A301S allele was transferred to each 20,000-generation clone, replacing its evolved allele. (v) In populations Ara-1, Ara-6, Araþ1, Araþ2, Araþ3, and Araþ5, the evolved pykF alleles, if present, were reverted to the ancestral allele in clones isolated at 2,000, 5,000, 10,000, 20,000, 30,000, and 50,000 generations (see Materials and Methods for details). The pykF mutations generally arose early in the evolution of the LTEE, but we know the timing and genetic background in only one population (Khan et al. 2011 ). Thus, we do not know whether the differences in the fitness effects of the pykF mutations in the ancestor and in the evolved backgrounds reflect interactions between the pykF alleles and mutations occurring before or after them, or some combination thereof. Nevertheless, we can assess whether there is a trend or other pattern with respect to the fitness effects of pykF mutations as other mutations arise in the same lineage. To that end, we measured the fitness effects of the evolved pykF mutations by replacing them with the ancestral allele in clones isolated from six populations at 2,000, 5,000, 10,000, 20,000, 30,000, and 50,000 generations (except in four cases as noted in Materials and Methods). For comparison, we also measured the effect of the evolved mutations in the ancestral background (i.e., generation 0) in two of the four experimental blocks. An ANOVA indicates a highly significant interaction between the population and generation factors (table 4, fig. 5A ), and the interaction remains highly significant if generation 0 is excluded from the analysis (supplementary table S8 , Supplementary Material online). This interaction demonstrates that other mutations accumulating in the LTEE lineages are interacting with the mutations in pykF to change their marginal benefits, sometimes increasing and other times reducing those benefits. The among-population variation in the beneficial effects of the pykF mutations was highest at 10,000 generations and then declined to be undetectable (i.e., the estimated variance component was 0) at 50,000 generations ( fig. 5B) . FIG. 4. Fitness effects of the deletion and A301S alleles measured in 20,000-generation clones isolated from each population. If the evolved allele present in a clone was different from either of the transferred alleles, then its effect is also shown as the "original" allele. If an evolved clone already had one of the transferred alleles, then this fact is indicated by red fill in the corresponding symbol for the deletion (for Ara-1) or A301S (for Ara-5, Araþ1, and Araþ5) allele. Error bars indicate 95% confidence intervals (n ¼ 3). in which evolved pykF mutations in clones isolated at 2,000, 5,000, 10,000, 20,000, 30,000, and 50,000 generations (except the 2,000-generation clone from Araþ5) were reverted to the ancestral allele, and the resulting fitness effects were estimated. The same mutations were added to the ancestor, and their fitness effects were measured to give a reference at 0 generations. Error bars indicate 95% confidence intervals (n ¼ 4 except at the initial time point where n ¼ 2). (B) Estimates of the among-population standard deviation (i.e., the square root of the variance component) in the fitness effects of the pykF mutations at each time point. 
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Discussion
Interactions between beneficial mutations are important because they influence the topology of the fitness landscape and, therefore, evolutionary outcomes (De Visser and Krug 2014; Hartl 2014) . The ability to identify and manipulate beneficial mutations has allowed these interactions to be studied in detail, albeit only for small regions of landscapes (Weinreich et al. 2006; Khan et al. 2011; Chou et al. 2011; Ogbunugafor et al. 2016; Palmer et al. 2017) . In this study, we have determined how the fitness effects of mutations in the pykF gene of E. coli changed over the course of a long-term experiment, as other mutations arose in the evolving lineages. Our main findings can be summarized as follows. 1) Eight different nonsynonymous mutations arose that impact all three functional domains of the PykF enzyme. They all confer similar beneficial fitness effects when measured in the ancestral strain. These benefits are greater than for a deletion allele, indicating that the evolved enzymes retain some functionality.
2) The fitness effects of these mutations are much more variable when measured in the evolved strains. Most of this variation results from divergent interactions with the changing genetic backgrounds, rather than from the different pykF alleles.
3) The variation in the fitness effects of the different pykF alleles peaked at intermediate time points and declined to an undetectable level at 50,000 generations. We discuss each of these findings below. An important question in evolutionary biology is the extent to which different mutations in the same gene can be considered to be equivalent in terms of adaptation (Schluter et al. 2004; Lenormand et al. 2016) . The parallel evolution of mutations in the same gene in independent populations provides a signature that those mutations are adaptive (Wichman et al. 1999; Woods et al. 2006; Barrick et al. 2009 ), but even parallel mutations can have different immediate and long-term consequences (Woods et al. 2011; Vogwill et al. 2014 Vogwill et al. , 2016 Gifford et al. 2016) . We found that nonsynonymous mutations in pykF have much more variable fitness effects in 20,000-generation clones than they do in the ancestor. In principle, this variation could reflect the unmasking of different functional changes in the evolved PykF enzymes, divergent interactions between the evolved PykF and other mutations in the different lineages, or some combination thereof. The finding that two distinct pykF alleles had similar effects to one another in many backgrounds, whereas having much more variable effects across the backgrounds, indicates the importance of epistatic interactions between the pykF mutations and the genetic background. In fact, the exact same A301S mutation, which arose independently in three populations, had significantly different effects in clones from those populations. We do not yet have a mechanistic understanding of the effects of the pykF mutations, and so it remains unknown both how mutations in the different functional domains confer similar fitness benefits in a given background and how changing backgrounds modify those benefits.
In the Introduction, we presented two distinct possibilities for how the effect of an early occurring beneficial mutation might change over time as a lineage continues to evolve and adapt. First, the effect of the early mutation could follow a pattern of diminishing-returns epistasis, such that its marginal benefit declines as the lineage's fitness increases (Khan et al. 2011; Kryazhimskiy et al. 2014; Chou et al. 2011; Wang et al. 2016; Wünsche et al. 2017) . This relationship is "global" in the sense that the marginal fitness effect of adding a particular beneficial mutation depends on the fitness of the recipient rather than its specific genotype (Kryazhimskiy et al. 2014) . The dynamics of fitness improvement and mutation accumulation in the LTEE are largely consistent with this global tendency toward diminishing-returns epistasis (Wiser et al. 2013; Tenaillon et al. 2016 ). Second, selection may favor new mutations that interact positively with the particular genetic background in which they occur. As a consequence, early mutations might become increasingly entrenched as later mutations depend on their presence for their own benefit (Shah et al. 2015) . If so, then the marginal fitness effect of removing early beneficial mutations should increase over time (Zee et al. 2014 ). However, the high variation in the marginal effects of pykF mutations in the evolved clones from 20,000 generations-ranging from nearly neutral to benefits almost twice that seen in the ancestor-does not align with either scenario.
The high variation in the fitness effects of pykF mutations in evolved backgrounds might simply indicate the need for caution when extrapolating from specific cases to general patterns. Indeed, in a previous study, the pykF deletion allele included here was the only one of five mutations that did not show a pattern of diminishing-returns epistasis when tested across 16 genetic backgrounds that differed at one to four other loci (Khan et al. 2011 ). This background-dependent variation in the fitness effects of pykF mutations could reflect some combination of diminishing-returns and positive epistasis. Previous findings of diminishing-returns epistasis between beneficial mutations compared strains that had evolved for <2,000 generations and usually harboring <10 mutations relative to their ancestors (Khan et al. 2011; Chou et al. 2011; Kryazhimskiy et al. 2014) . In this work, by contrast, pykF effects were measured in strains that had evolved for up to 50,000 generations, and which had accumulated at that point between 67 (in Araþ2) and 1,091 (in Ara-1) mutations in addition to the one in pykF (supplementary table S3, Supplementary Material online; Tenaillon et al. 2016 ). Thus, even if specific interactions between pykF and other mutations are rare, the large number of potential interactions means they might overwhelm any global trend. Supporting this possibility, a study that analyzed interactions among mutations in several experimentally determined fitness landscapes found at least one higher-order epistatic interaction in each landscape, even after controlling for global effects (Sailer and Harms 2017) . We note, however, that the average fitness effect of pykF mutations not differ significantly between mutator and nonmutator clones, despite an order-ofmagnitude difference in the number of background mutations. This result suggests that the most important interactions with respect to the fitness effects of pykF mutations Beneficial Mutations in pykF Gene . doi:10.1093/molbev/msx279 MBE involve other beneficial mutations. On the other hand, the relatively low mean and variance of the fitness effects of pykF mutations across genetic backgrounds at the final 50,000generation time point suggests some statistical repeatability in the relevant interactions, even if the mechanistic basis for that convergence remains unknown at present.
In summary, we have shown that different mutations in the pykF gene that were selected in independently evolving E. coli populations had similar effects on fitness when each was moved into their common ancestor's genome. However, these same mutations had very different effects when they were replaced by the ancestral allele in clones sampled from each population after 20,000 generations. By 50,000 generations, however, their effects on fitness were again similar, with an overall tendency toward negative interactions with lateroccurring mutations. Our results thus show that the fitness effects of beneficial mutations in some genes can be highly dynamic in evolving populations, with changing genetic backgrounds sometimes increasing and other times reducing the effect size of the focal mutations.
Materials and Methods
Strains and Mutations
We examined the fitness effects of various pykF mutations in the ancestral strain and evolved clones isolated from a longterm evolution experiment (Lenski et al. 1991) . That experiment started with two strains of E. coli B ) that were isogenic except for a mutation in araA, which impacts the ability to use the sugar arabinose and serves as a neutral marker (Lenski et al. 1991 ) and a second mutation, also evidently neutral, that arose inadvertently (Tenaillon et al. 2016) . Each strain was used to found six populations: Populations Ara-1 to Ara-6 were founded by the Araancestral strain, REL606, and populations Araþ1 to Araþ6 were founded by the Ara þ ancestral strain, REL607. The 12 populations are grown at 37 C in Davis Mingioli minimal medium supplemented with 25 mg/ml glucose (DM25) as the limiting resource, and they are propagated by daily 1:100 transfers into fresh medium (Lenski et al. 1991) . Clones were isolated periodically from each evolving populations and then frozen. Here, we use the "A" clones taken from the populations at various time points, as noted in the text. A mutation in pykF was first found in a clone sampled from population Ara-1 at 20,000 generations, and subsequent work identified other mutations in this gene in the other 11 evolved populations (Schneider et al. 2000; Woods et al. 2006;  figs. 1 and 2, and supplementary table S9, Supplementary Material online). Here, we consider the effects of the eight unique nonsynonymous point mutations that were identified as well as a loss-of-function deletion mutation; we omit a frameshift mutation that was found in one population. The mutation found in the Ara-1 population involved the transposition of an IS150 element into the pykF reading frame; we use as a proxy a deletion allele because it was technically easier to transfer into the recipient strains (Khan et al. 2011) . IS elements can affect fitness not only by disrupting genes but also by influencing the expression of nearby genes (Chou et al. 2009 ). In the case of the pykF:: IS150 insertion, changes in expression seem unlikely because the genes on either side have independent transcriptional control (Gama-Castro et al. 2016) . In any case, the fitness effect of the insertion allele is indistinguishable from that of the deletion allele, indicating that any polar effects are small (Khan et al. 2011 ).
Genetic Manipulations
We constructed five sets of strains in order to measure the fitness effects of evolved pykF alleles in different genetic contexts. In all cases, the alleles were moved into the recipient chromosome, replacing the recipient strain's pykF allele. Unless otherwise noted, these manipulations involve the eight nonsynonymous mutations and the deletion allele (fig. 2) . The five strain sets are: 1) each pykF mutation separately moved into the ancestral strain, REL606; 2) the various evolved pykF mutations replaced with the ancestral allele in evolved clones isolated from each population at 20,000 generations; 3) the pykF deletion allele added to the evolved clones isolated at 20,000 generations; 4) the pykF A301S allele added to the evolved clones isolated at 20,000 generations; and 5) the evolved pykF alleles replaced by the ancestral allele in clones isolated from six populations at 2,000, 5,000, 10,000, 20,000, 30,000 and 50,000 generations. A schematic of these strain sets is presented in figure 2.
Allele replacement was performed using a suicide-vector protocol (Philippe et al. 2004) . Briefly, PCR products of $800 bp in length and centered on a pykF mutation were cloned into plasmid pCR2.1 using the TA cloning kit, and the resulting construct was used to transform TOP10F' cells (ThermoFisher, MA). Inserts containing the pykF mutations were then cut from pCR2.1 and cloned into a suicide plasmid, pDS132, which was used to transform MFDpir cells (Philippe et al. 2004; Ferrieres et al. 2010) . MFDpir cells were used to mobilize the constructed pDS132:: pykF plasmids to the relevant recipient strain. Selection for plasmid transfer and subsequent allele exchange were performed as described previously (Cooper et al. 2003) . To reduce the possibility that secondary mutations arising during the strain construction might confound the effect of the transferred pykF allele, we isolated several strain pairs from the end of independent transfer experiments, where one strain had the transferred allele and the other retained its original allele. In the absence of secondary mutations, the strain that retained the original allele should be identical to the relevant recipient strain. Only if those two strains were indistinguishable based on fitness assays was the strain with the transferred allele used in subsequent work. All mutation-clone combinations were successfully constructed except for the following: The Araþ5 clone isolated at 2,000 generations, which had not substituted the pykF mutation that later fixed in that population; the Araþ1 clone at 5,000 generations, for which we were unable to introduce a neutral marker; and Araþ3 clones at 5,000 and 50,000 generations, for which no constructs that were free of secondary mutations were isolated.
Most assays of competitive fitness were performed between strains differing only at the transferred pykF allele.
Peng et al. . doi:10.1093/molbev/msx279 MBE To facilitate these competitions, we introduced a neutral marker into one of the competing strains, so that the strains could be distinguished on an agar-based indicator medium. Strains that were initially Ara þ were reverted to Arathrough the addition of the araA allele present in REL606 using the same allelic replacement method outlined above. Strains that were initially Arawere selected on minimal-arabinose plates and a spontaneous Ara þ mutant isolated. We were unable to isolate a neutral Ara þ derivative of the clone isolated from Ara-4 at 20,000 generations. In this case we used "gene gorging" (Herring et al. 2003) to introduce a point mutation into lacZ that disrupted its function by introducing a stop codon (nucleotide change: G1556A). This mutation caused the constructed strain to produce white colonies on LBþX-galþIPTG medium, whereas its progenitor formed blue colonies. All markers were tested for neutrality by competing the constructed marked strains against their progenitor, using the fitness protocol described below.
Measurements of Fitness Effects
The fitness effects of pykF mutations were estimated by headto-head competitions. Competing strains that differed at a neutral marker, either araA or lacZ, were inoculated from freezer stocks into lysogeny broth (LB) and incubated overnight. Cultures were incubated at 37 C in this and all subsequent steps. The overnight cultures were diluted 10 4 -fold into 50-ml Erlenmeyer flasks containing 10 ml of DM25 and grown with shaking for 24 h. This environment is the same as used in the LTEE in which the pykF mutations evolved (Lenski et al. 1991) . Cultures were then diluted 1:100 into fresh DM25 medium and incubated for a second 24-h cycle. After these two days of preconditioning, competitors were diluted 1:200 and mixed at an equal volumetric ratio to start the competition. The initial density of each competitor was estimated by plating an aliquot from the competition mixture onto either tetrazolium arabinose (TA) or LBþIPTGþX-gal indicator plates, for competitions using the araA or lacZ, markers, respectively. After two one-day growth cycles, an aliquot from each competition was plated again onto indicator agar to estimate the competitor's final cell densities. The relative fitness was calculated as the ratio of each competitor's realized growth rate (Lenski et al. 1991) ; the fitness effect of a mutation, s, was calculated simply by subtracting one from the corresponding relative fitness (figs. 3-5).
Statistical Analyses
We performed statistical analyses using R version 3.3.2 (R Core Team 2015). Some ANOVAs were one-way whereas others were mixed models or nested, as described below. The Anova function from the car package was used to compute Type II sums of squares, which are preferable when data are unbalanced owing to missing values. The nlme function and the confint function using the profile method setting, both from the lme4 package, were used to estimate confidence intervals of variance components. In mixed models, the F statistics of the fixed and random main effects are calculated and tested in comparison to the interaction and error mean squares, respectively; in nested models, the F statistics of the nested and top-level factors are calculated and tested in comparison to the error and nested mean squares, respectively (Sokal and Rohlf 1981) . Dunnett's test was carried out using the glht function in the multcomp package. Depending on the specific question addressed, the relevant set of competitions may have been performed simultaneously or in blocks, as noted in the corresponding tables.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
